The Federal Bureau of Investigation (FBI) has recently sanctioned a wavelet fingerprint image compression algorithm developed for reducing storage requirements of digitized fingerprints. This research implements an optical wavelet transform of a fingerprint image, as the first step in an optical fingerprint identification process. Wavelet filters are created from computer generated holograms of biorthogonal wavelets, the €ame wavelets implemented in the FBI algorithm. Using a detour phase holographic technique, a complex binary filter mask is created with both symmetry and linear phase. The wavelet transform is implemented with continuous shift using an optical correlation between binarized fingerprints written on a Magneto-Optic Spatial Light Modulator (MOSLM) and the biorthogonal wavelet filters. A telescopic lens combination scales the transformed fingerprint onto the filters, providing a means of adjusting the biorthogonal wavelet filter dilation continuously. The wavelet transformed fingerprint is then applied to an optical fingerprint identification process. Comparison between normal fingerprints and wavelet transformed fingerprints shows improvement in the optical identification process, in terms of rotational invariance.
Introduction
The wavelet transform translates signals into a time(space)-frequency representation. Representing image data using the wavelet transform allows localization of image spectrum content. For this reason, the wavelet transform has become a useful tool in image processing [15, 8, 12] . The wavelet transformation of a two-dimensional input function, f(x, y) is represented by:
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Where h(-, represents the two dimensional scaled and shifted "mother" wavelet.
For simplicity and speed, a multiresolution analysis (MRA) scheme was developed by Mallat for computing the wavelet transform coefficients at dyadic values of the scale and shift variables [14] . The MRA is a sub-band coding scheme using a quadrature mirror filter bank for analysis and perfect reconstruction, where each level of decomposition filters the input image with a dyadically scaled wavelet. The input image is fed to two separate filters, which are effectively low pass and band(high) pass filters respectively. Note that in the decomposition algorithm each channel is downsampled by the dyadic value which maintains the proper shift and scaling operation for the next level of decomposition. The filter operation is accomplished in both dimensions, rows and columns, creating four filtered versions of the original input.
Each level of decomposition scales the filters, resulting in coarser approximation and detail coefficients. In equations 2 and 3, the scaling and wavelet functions, and , are scaled by the variable in which corresponds to a level of decomposition. The first level of decomposition is considered the in = 0 level of decomposition, with each succesive level represented by in = 1, 2,•... 2_m/20(2_mt -n) (2) 2_m/2(2mt _ n) (3) 2 Symmetric Biorthogonal Wavelet 'Iansform The FBI recently selected MRA for performing data compression of fingerprint images [9] . The MRA algorithm produced limited distortion for compression ratios exceeding 10:1, exceeding performances of standard compression schemes such as JPEG [16] . The standard for fingerprint compression adopted by the FBI involves a symmetric wavelet transformation [3] . The symmetric wavelet transform takes advantage of symmetric extension of the finite input signal (fingerprint image), accounting for the boundary conditions in a manner which eliminates the jump discontinuity introduced by a periodic extension [4] . A symmetric extension has advantage over periodic extension in terms of compressibility.
In image coding, quantization errors will often be most prominent around the edges in the images; it is a property of our visual system that we are more tolerant of symmetric errors than asymmetric ones. In other words, less asymmetry would result in greater compressibility for the same perceptual error. Moreover, symmetric filters make it easier to deal with the boundaries of the image [10] .
The decomposition of a signal into wavelet coefficients can be compared to a Quadrature Mirror Filter (QMF) in structure. This research implements the same decomposition of image data using optics. The symmetric Finite Impulse Response (FIR) filters used in the creation of the biorthogonal wavelet filter are chosen because of their demonstrated ability to compress FBI fingerprint images. 3 Optical Architecture
In order to first characterize the optical wavelet transform, a MOSLM was used to present images for study. The optical arrangement was developed to be an improvement on the MRA algorithm. The MRA algorithm decomposed the input signal into its wavelet coefficients at dyadic values for the shift and scale variable, necessary for swift calculation of the wavelet transform. Because the wavelet transform was simply a correlation between the input image and the wavelet function, optics implemented the wavelet transform in real-time with continuous distribution of the shift variable. This was an advantage over the MRA algorithm. Using a variation of the optical correlator allowed continuous distribution of the scaling function as well.
Continuous distribution of the scaling function was realized with the configuration depicted in Figure 1 . The negative lens, L2, added flexibility over the scaling of the wavelet filter. In the configuration in Figure 1 , a binarized Wavelet Filter Transform Plane image was introduced in the input plane on a MOSLM. Using a telescopic lens arrangement to perform the Fourier transforming stages in the optical correlator allowed variation of the scaling of the Fourier transform. This arrangement has been effective in developing small scale optical correlators and can now be used for scaling the wavelet filter [2] . The positive lens, Li, was placed a focal length away from the input plane. The Fourier transform of the image appeared at the back focal plane of lens Li. Lens L2 imaged the transformed image onto the filter plane, where the transform was a virtual object to lens L2. As long as the transformed image fell within the focal length of L2, a magnified real image was created at the filter plane. The placement of L2 relative to the back focal plane of Li and the subsequent placement of the wavelet filter determined the scaling of the transform onto the wavelet filter. The same process was duplicated in the scaling of the wavelet transform onto the camera which captured the wavelet The minimum focal length for the transforming lens in a matched spatial filter is determined by the spacing of the input image pixels (d1), the spacing of the filter plane pixels (d2), the dimension of the filter (in pixels) (N2), and the wavelength of the laser source (A) [7] . F= N2d1d2 (4) With the MOSLM pixel spacing of 76 pm, the filter plane pixel spacings of 63 pm, the filter plane pixel dimension of 161 element array, and the wavelength of the laser at 632.8 nm; the minimum focal length was 1.22 meters. This focal length was the in = 0 or original wavelet for this experiment. Repositioning of lens L2 and the filter plane allowed a continuous variation of the scaling variable by expanding the Fourier transform onto the wavelet filter plane. In this arrangement, only one hologram for each of the wavelet filters was needed to produce multiple scale resolutions.
Optical Wavelet Fingerprint Identification
After the wavelet filter was characterized, it was used in an optical fingerprint identifier. A fingerprint image was scanned into the system using a 90 degrees prism. By placing the person's finger onto the prism, the areas where the fingerprint ridges came in direct contact with the surface of the prism were areas where the laser beam was absorbed and not reflected into the system. Thus, the fingerprint image was read into the system using frustrated total internal reflectance.
The optical fingerprint identifier used a matched spatial filter (MSF) for discriminating between fingerprint images.
In order to create the MSF, the second hologram was created using Vander Lugt filtering. The MSF was created through use of Vander-Lugt's method of interferometrically recorded frequency-plane masks [13] . A reference beam was split off from the laser beam and interfered with the spectral content of the wavelet transformed fingerprint image. In this manner the phase of the complex field was saved through the interference of the plane wave and the complex field. The resulting interference field was captured using a thermoplastic plate. Three spatial wavelet filters were developed using a binary, detour-phase, computer generated hologram (CGH) [5] . There are three wavelet filters required to capture the vertical, horizontal, and diagonal details of the image. These three frequency channels stem from the combination of filtering operations across the rows and columns of the input image. In this manner, combination of the transforms of the wavelet function and the basis function result in horizontal, vertical, and diagonal wavelet filters. 5 Results used as a baseline for comparison to optical results. The wavelet transform of the letter "E" is presented in figure 3 at the original, m = 0, and the first dyadic scaling, m = 1, of the wavelet filter. Each of the three wavelet filters was used to create the diagonal, horizontal, and vertical wavelet transforms. The optical results compared very favorably to the digital simulations.
An image of the letter "E" was used in characterizing the optical process. The letter "E" was chosen because it contained easily recognized horizontal, vertical, and corner (diagonal) features. Three "types" of features were required to accurately characterize the set of three wavelet filters. The image of the letter "E" is shown in Figure  2 . The original image was displayed on a MOSLM which had an array of 128 X 128 pixels. The image shown in Figure 2 was captured at the output of the optical correlator shown in figure 1 with the wavelet filter removed from the setup.
Characterization of Optical Biorthogonal Wavelet Transform using Input Image of Letter "E"
The results from the horizontal, vertical, and diagonal filters are shown in Figure 3 . The optical transform for the finest resolution wavelet ifiter corresponds to level m = 0 in equations 2 and 3. The optical and digital results for the first dyadic scaling of the wavelet are displayed in Figure 3 . As the wavelet function was doubled in size, its filter was diminished the same amount. The result was a filter which passed a lower band of spatial frequencies. Less linear structure was observed in the transformed image as expected. Again, the optical results were very similar to the digitally produced transform. The digitally produced transforms for the same resolution wavelet filters are shown in figure 3 as well. As shown in the figures, the horizontal structure of the image was emphasized by the horizontal filter, the vertical structure by the vertical filter, and the corners by the diagonal filter. The results from the optical process compared favorably with those created digitally. For the diagonal filter, there was some discrepency with the results from the optical process with those of the digital ones. The images were faint and distorted in comparison to the other filters. This was due to the input image. Reviewing the image produced by the MOSLM in Figure 2 , the corners of the letter were less than optimum. The MOSLM was old and missing some of the pixels in the array, making the image distorted. The lack of distinction in the corners reduced the amount of energy in those spatial frequencies which were passed by the diagonal wavelet filter. The limited intensity of the optical wavelet transform was due to this distortion in the input image.
Characterization of Optical Biorthogonal Wavelet Transform using Input Image of Lenna
The image of Lenna was used in order to compare with previous optical wavelet results. The results of the optical wavelet transform at the original and first two dyadic scalings of the wavelet are presented on figure 7, 8, and 9. The optical wavelet transform does a good job of capturing the details at each of the three resolution levels. The detour phase hologram proved to be a more effective method of implementing the wavelet filter than previous attempts using thermoplastic holography [6] . The optical results with a fingerprint image are shown on figures 10, 11, and 12. These results show various fingerprint details can be enhanced dependent on the scaling of the wavelet filter and type of filter used. Each of the nine wavelet transforms for the fingerprint exude unique characteristics which could be exploited in recognition routines.
The fingerprint image consisted mainly of ridge lines. Since it was the structure of these lines which uniquely specified an individual's fingerprint, the wavelet filter was used to enhance the structure of these lines at various spatial frequencies. The fingerprint image was almost radial in structure, containing lines which had spatial frequencies in all three locations: horizontal, vertical, and diagonal. As before with the image of Lenna, each of the nine wavelet transformed images was unique. Of special interest was the results with the finest resolution diagonal wavelet transform in Figure 10 . In this case there was plenty of energy in the diagonal frequencies, avoiding the problem experienced earlier with the letter "E".
To enhance the optical fingerprint identification process, the digital wavelet transform was applied to the fingerprint. The optical correlator identification process was limited by its rotational variance. To remedy this, the wavelet transform was used to enhance those features of the fingerprint that were rotational symmetrical. Since the fingerprint was mainly radial in structure, the wavelet transform could be used to emphasize that radial structure for identification. The finest resolution diagonal wavelet transform was interesting because of two reasons. First, it contained a significant amount of energy. Energy which was required for creating the thermoplastic hologram in the identification stage. Second and more important, the diagonal wavelet transform enhanced the radial line structure in a way which approached rotational symmetry. This transform was chosen as the best candidate for the improved optical wavelet fingerprint identifier.
A set of five subjects was used for identification with each subject placing their thumbprint on the prism. The computer generated hologram of the diagonal wavelet filter was used to enhance the diagonal features of the fingerprint by computing the wavelet transform of the print. This image was than correlated with a Vander Lugt MSF of a wavelet transformed print. The correlation peak was then analyzed to determine if this arrangement could discriminate between wavelet transformed fingerprints.
Results showed that the wavelet transformed fingerprint did indeed contain enough uniqueness to discriminate between fingerprints. The correlation peaks captured with the CCD camera are shown in Figure 4 . A thermoplastic hologram was created using the first subject's print. The auto-correlation peak was captured with the print left on the prism after creating the thermoplastic hologram. Subject one then removed the thumb and subsequently returned the thumb to the prism, after it had been wiped clean. The resulting correlation peak was then captured and recorded as "subject-one correlation ". Four other subjects were than used to match against subject one. The result was that the correlation peak was much more obvious for subject one. This proved that the wavelet transformed fingerprint, with its reduced feature set could still discriminate between fingerprints.
Test for Rotational Invariance
To determine if the wavelet transformed fingerprint added any rotational invariance to the Vander Lugt MSF, a comparison was made between the standard 4Vander Lugt MSF correlator and the wavelet process. A glass slide of a fingerprint was used as the input image. The glass slide was placed on a rotating stand which could measure the angular rotation in degrees. A MSF was created for both the normal and wavelet transformed non-rotated fingerprint. The auto-correlation peak was recorded. Then the glass slide with the print on it was rotated so that the effect of rotation could be observed and recorded. The results are shown in Figure 5 , where the correlation peaks were captured for the normal and the wavelet transformed fingerprint. The wavelet fingerprint displayed a greater amount of invariance to the rotation out to 5 degrees off center. The energy in the peak remained strong in direct contrast with the peak for the normal fingerprint. The wavelet correlation peak was strong enough in the 5 degrees offset so that discrimination was possible between the rotated fingerprint and a different on-axis print. To illustrate this. the 5 degree offset peak was compared to the results in Figure 4 for subject 2. As shown in Figure 6 , the offset fingerprint was still distinctive from another subject. Even when the fingerprint was offset by as much as five degrees, the optical identifier was able to determine the identity. This adds flexibility to the optical identification process, allowing the subject some latitude when placing the print in the arrangement for identification.
Comparison of the signal-to-noise ratio (SNR) for the correlation peaks in Figure 5 is shown in Table 1 . The value for the SNR was determined by comparing the average value of the signal to that of the noise. To discriminate between signal and noise, the largest pixel value was determined. The signal was considered to be those pixel values within 3 dB of the peak. Everything else was considered to be noise.
The values shown in Table 1 were generated by comparing the average value of the signal peak to the standard deviation of the noise. As shown in equation 5, the average value of the noise was subtracted from the peak in order to reduce bias [11] .
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